December 8, 2008
Where do Fossil Fuel Carbon Dioxide Emissions from California Go? An Analysis Based

on Radiocarbon Observations and an Atmospheric Transport Model

W.J. Riley, D.Y. HsueR®, J.T. RandersdnM.L. Fische?, J.G. Hatch D.E. Pataki W. Wand,
and M.L. Gouldeh

'Earth Sciences Division, E.O. Lawrence Berkeley National Laboratory, 90-1106|dtrGy

Rd, Berkeley, CA 94720, phone: (510) 486-5036, fax: (510) 486-7070, wjriley@Ibl.gov
“Earth System Science Department, Croul Hall, University of Califoimiae, CA 92697
Energy and Environment Division, E.O. Lawrence Berkeley National Labgr&erkeley, CA
94720

“Brightworks LLC, 123 NW 12th Avenue, Suite 239, Portland OR 97209

>Now at Columbia University, Department of Ecology, Evolution, and Environmental Bjolog
New York, NY 10027

®Department of Ecology and Evolutionary Biology, University of Californidnt, CA 92697

Key words:

0315 Biosphere/atmosphere interactions (0426, 1610)

0345 Pollution: urban and regional (0305, 0478, 4251)

0428 Carbon cycling (4806)

0454 Isotopic composition and chemistry (1041, 4870)

1615 Biogeochemical cycles, processes, and modeling (0412, 0414, 0793, 4805, 4912)

Accepted: JGR-Biogeosciences


mailto:wjriley@lbl.gov

Abstract

Characterizing flow patterns and mixing of fossil fuel-derived @@mportant for
effectively using atmospheric measurements to constrain emissionsmeentiere we used
measurements and a model of atmospheric radiocalf®nt¢ investigate the distribution and
fluxes of atmospheric fossil fuel G@cross the state of California. We sampfi&@in annual ¢
grasses at 128 sites and used these measurements to test a regional trsiaieil aived
anthropogenic and ecosystem {iDxes, transport in the atmosphere, and the resulfifg of
annual grassea§). Average measuret, in Los Angeles, San Francisco, the Central Valley,
and the North Coast were 27.7 + 20.0, 44.0 £ 10.9, 48.7 £ 1.9, and 59.9 £ 2.5%o, respectively,
during the 2004-2005 growing season. Model predictions reproduced regional patterns
reasonably well, with estimates of 27.6 + 2.4, 39.4 + 3.9, 46.8 = 3.0, and 59.3 + 0.2%. for these
same regions and corresponding to fossil fue} @Xing ratios Cr) of 13.7, 6.1, 4.8, and 0.3
ppm.Aq spatial heterogeneity in Los Angeles and San Francisco was higher indsigremeents
than in the predictions, probably from insufficient spatial resolution in the fassiinfventories
(e.g., freeways are not explicitly included) and transport (e.g., within sallje used the
model to predict monthly and annual transport patterns of fossil fuel-derivedi@{h and out
of California. Fossil fuel C@emitted in Los Angeles and San Francisco was predicted to move
into the Central Valley, raisinG: above that expected from local emissions alone. Annually,
about 21, 39, 35, and 5% of fossil fuel emissions leave the California airspace to the afyrth, ea
south, and west, respectively, with large seasonal variations in the proportiongePositi
correlations between westward fluxes and Santa Ana wind conditions were observed. The
southward fluxes over the Pacific Ocean were maintained in a relatoietyent flow within the
marine boundary layer, while the eastward fluxes were more verticallysish@®©ur results
indicate that state and continental scale atmospheric inversions need torcamesisdevhere
concentration measurements are sparse (e.g., over the ocean to the south and Weshial) Ca
transport within and across the marine boundary layer, and terrestrial bourygdaigyfaamics.

Measurements afy can be very useful in constraining these estimates.



Introduction

Fossil fuel combustion is the largest anthropogenig €0rce, accounting for
approximately 7.0 Pg C yrin 2000, and increasing rapidly to over 7.9 Pg €igr2004
[Marland et al, 2006;Raupach et al.2007]. This combustion is associated with a range of
societal and economic benefits, including transportation, electricity gemerdaeating and air-
conditioning, and others. There are, however, many costs associated witméte cl
consequences of this greenhouse gas that will occur across a wide rangesohtas, including
impacts to agricultural productivity, sea level, water resources, tet@std oceanic ecosystem
health, disease propagation, and fire regirResrly et al, 2007].

Accurate quantification of fossil fuel G@missions is needed to properly account for
these costsJtern 2006], aid in policy developmerRarry et al, 2007], improve climate
prediction and climate change attribution, and facilitate atmospheric invaygimoaches used
to quantify contemporary anthropogenic and ecosystem C fl&aesdt al, 1998;Gurney et al.
2002;Stephens et al2007]. Further, other primary atmospheric pollutants of interest (e.g.,
carbon monoxide and black carbon) are often produced concurrently witarfd@urface
emissions estimates for these gases and aerosols can be improved usatg fossilrfuel CQ
emissions estimates (e.g., Turnbull [2006]). This paper describes an approgdmel$C
content of annual grasses and an atmospheric transport model to characteripadteam
spatially and temporally heterogeneous surface and atmospheric psogedgsssil fuel CO
transport within and out of California.

The first attempts to quantify fossil fuel @@&missions used inventories based on proxy
measurements such as fuel sales and population defsdies et al.1996;Franco, 2002;
Olivier et al, 1999]. The mix of fossil fuels used varies substantially around the world. In
California, fossil fuel is used for transportation (~60%), electric poweergéion (~16%),
industry (~13%), and residences (~10®g1nis 2006;Franco, 2002]. Although important in
characterizing regional fossil fuel G@®missions, the accuracy of fuel use-based emissions
inventories still requires improvememdérr et al., 2002], particularly at fine spatial scales.
These inventories are also potentially vulnerable to political pressurengriee need for
independent verification approaches.

Another approach to estimating fossil fuel £gnissions has been to use atmospheric

measurements of radiocarbdf@) in CQ.. Becausé“C has a relatively short half live (~5730 y)



compared to the ancient plant material from which fossil fuels are decadshn in fossil fuels

is effectively free of“C (i.e.,A™C = -1000%.). With atmospheric nuclear weapon testing, the
1C content of tropospheric G@apidly increased and by 1963 was over 900%. in the northern
hemisphere. Following the 1963 Test Ban treaty, atmosph¥ficlevels declined, primarily as

a consequence of air-sea gas exchange, uptake by land plants, dilution frofadbssil
combustion, and radioactive decay. By 2000, atmospheric levels had dropped to about 60%eo,
with a rate of change of about 6%s"yiLevin et al, 2003]. While there are important latitudinal
and seasonal variations in the background atmospheric (i.e., remote marine bayetary |
AYC, almost all of the spatial variation over North America is due to fos$iCiOgemissions
[Hsueh et a].2007;Randerson et 812002]. For current atmospheric €levels, about a 2.8%o
change in“C content is equivalent to 1 ppm fossil fuel CO

( (60%0 )(380ppm)+ (— 100040 )L ppm)

). Since current’C accelerator mass spectrometry
381ppm

measurement techniques have a precision of 2.5 to 3.0%., measurements 4t ibfe
atmospheric C@can be used to infer fossil fuel @@vels to a precision of about 1 ppm.
Turnbull et al.[2006] compared*CO,, CO, and SFas tracers of fossil fuel G@t two
sites. They concluded that CO is limited as a tracer due to uncertainty in,ie1@s3ion ratio,
and that, as a tracer, Showed large biases as comparetf@D,, possibly because of
differences in the spatial pattern of surface souta®an et al.[1995] studied two sites in
Germany where atmosphefft€0, and radon measurements had been made. They derived fossil
fuel CQ, emissions and concluded that emissions estimates derived from fuel salesiallipstant
underestimated the seasonal amplitude, likely leading to errors in thedrdeasonal cycle of
terrestrial biosphere exchange. Using a longer data rdaeroh et al.[2003] applied a similar
method at two sites to estimate fossil fuel,@missions. They concluded that their method
compared well with bottom-up statistical emissions inventories and the ségsoinalssil fuel
CO, emissions was substantially larger than previously assumed. Measurenté@tmaflant
biomass can be used as an integrator of spatial and temporal variabilityilifuielsCCG,. Hsueh
et al.[2007], for example, mapped patternsi content in an annual plartga maysacross
North America. They found that relative to the intermountain West, fossil fugh@®ng ratios

were substantially higher in California and in the Ohio Valley.



In addition to constraining surface emission estimates, accurately telmaniag CQ
transport out of a particular region is critical for testing larger-stab@spheric inversions
[Gurney et al.2002]. Such independent measures of fossil fuel @&duction and transport
will become increasingly important as society develops regulationsiohe¢@nd national
GHG emissions (e.g.Sghwarzenegge005]). Transport of COwithin and out of California is
dominated by three transport mechanisms: the large-scale Pacific Higbrgat Basin High
(which, in combination with the Pacific High establishes wintertime offshanéaSAna (SA)
wind conditions Conil and Hall 2006;Raphael 2003]), and the high elevation jet stream. The
strong westerly jet stream flow has led some investigators to hypottiesizeeasuring CO
mixing ratios on the west and east coasts of the contiguous U.S. will facibtatieental CQ
exchange estimateBdn et al, 1998]. One goal of the present work is to test this hypothesis by
studying the impact of smaller scale, more variable mechanisms (& /& winds) on CO
fluxes leaving the state.

As a first step towards characterizing transport of fossil fuel@in and out of
California, we used'C measurements in annual grasses to test a model that integratesidbssil f
CO, emissions, ecosystem g@éxchanges, and atmospheric transport. We then used the model
over a full year to predict the pathways by which fossil fue} @@ves California and their
relationships with atmospheric transport processes. Our results can be néeahto i
atmospheric inversion measurement strategies and inventory approaches tgingdossil
fuel CQ, emissions.

Methods

AYC Measurements of CaliforniasGrasses

Samples of winter annual grasses were collected at 128 sites acrossh@adif the end
of the 2004-2005 growing season. Packets were sent to colleagues with a speplfitgsa
protocol and return envelope. To avoid point,GOurces, samples in relatively rural areas were
collected more than 3.2 km away from highways, more than 45 m from paved roads, and more
than 20 m from houses or buildings. In cities, where remote sample locationdiffiené or
impractical to find, samples were collected in residential streetgghlm@ihood parks, or
abandoned parking lots. We collected samples throughout California, with rgi&iiyleér

collection density in the San Francisco Bay Area, Los Angeles Basin, atrdiCé&lley Region



to explore urban to rural gradients. At each site, three separate stalassoivgre collected. All
of the samples consisted of annual plants that germinated in the fall of 2004 anddsentdse
spring of 2005, primarily from the gendBaomusandAvena which are highly invasive and
currently widespread throughout California.

Upon arrival at UCI, samples were dried at 60-70°C for at least 48 hours. Plamts wer
then ground to pass a size 40 sieve and stored in individual vials. Samples were theadprocess
and analyzed at UC Irvine’s W.M. Keck Carbon Cycle Accelerator Mass Spetar
(KCCAMS) facility [Santos et a).2004]. To ensure that we quantified the overall accuracy and
to minimize differences due to running samples in different batches (or saimgxés) on the
AMS, we (1) included 6-7 primary and 6-7 secondary standards with each batch shpiaites
(24-27 plant samples comprised a single batch); (2) repeatedly analyza#dssaatiected at five
sites across different batches; and (3) used three secondary standiy¢FiRlr G; SD =
2.3%0 based on 20 replicates distributed across multiple batches), oxalic acid (SD = $12560 wit

replicates), and an Australian National University standard (SD = 2.6%. wiili&ates).

Coupled MM5, LSM1, and Atmospheric Tracer Model

MMS5 [Grell et al, 1995] is a nonhydrostatic, terrain-following sigma-coordinate
mesoscale meteorological model used in weather forecasting and in sfuati@®spheric
dynamics, surface and atmosphere coupling, and pollutant dispersion. The model has been
applied in many studies in a variety of terrains, including areas of complex tphggnad

heterogeneous land-cover (for a partial lgtp://www.mmm.ucar.edu/mm5/Publications/mm5-

papers.html The following physics packages were used for the simulations shown here: Grell
convection scheme, simple ice microphysics, MRF planetary boundary layerg€tdhe, and
the CCM2 radiation package. The MRF PBL schermng and Pan1996] is a high-resolution
PBL transport model that includes both local and non-local vertical transpornérh&acer
model follows the current MMS5 transport calculations for water vapor. Weltdstenumerical
solution of the tracer transport predictions and successfully compared preditte@asured
CO, mixing ratios at the Trinidad Head station (located on the northern Califorrsg) fioidey
et al, 2005].

LSM1 [Bonan 1996] is a “big-leaf” (e.gDickinson et al[1986], Sellers et al[1996])
land-surface model that simulates £68,0, and energy fluxes between ecosystems and the



atmosphere. Modules are included that simulate aboveground fluxes of radiation, momentum,
sensible heat, and latent heat; belowground energy and water fluxes, and couypded GO
exchange between soil, plants, and the atmosphere. Twenty-eight land surface typesingom
varying fractional covers of thirteen plant types, are simulated in the madehty8raulic
characteristics are determined from soil texture. LSM1 has been testethigeaof ecosystems
at the site level (e.gBonan et al[1997],Bonan et al[1995], andRiley et al[2003]). Cooley et
al. [2005] described the integration of LSM1 with MM5 and demonstrated that the model
accurately predicted surface latent, sensible, and ground heat fluxes; neece-aurf
temperatures; and soil moisture and temperature by comparing modelisinsutéth data
collected during the FIFE campaidgBdtts and Ball1998]. We imposed constant atmospheric
CO, mixing ratio (380 ppm) and*C (A, = 60%0) boundary conditions at the edges of the
domain. In reality, there are vertical, horizontal, and temporal variatiohese boundary
conditions. These variations should not, however, substantially impact pretfitfedf grasses

or impact our model predictions of fossil fuel £@ansport within and out of California.

Fossil Fuel CQ Emissions

We estimated spatially and temporally resolved fossil fuel €fiissions by scaling
fossil fuel NQ emission estimates reported in the 2002 U.S. Environmental Protection Agency’s
National Emissions Inventory (NEI) in a manner similar to that used for G&ehlyig et al.
[2003]. This approach provides finer spatial and temporal resolution than is present meavaila
inventories of fossil fuel consumption. For our work, the NEI emission estimates wer
distributed at 36 knnesolution by the Lake Michigan Air Directors Consortium with hourly
resolution on weekdays, Saturdays, and Sundays of each month ir{t2@@2www.ladco.org/).
The overall scaling of C&from NGO, emissions was estimated using the ratio of California’s
annual NQ (1600 Mg NQ y*) to CQO, (370+ 3 Tg CQ y*) emissionsBlasing et al. 2004;
EIA, 2003] for 2002. Fossil Cemissions are concentrated in the urban centers of the Los
Angeles Basin and the San Francisco Bay area, with significant emipsésesit in the Central
Valley (Figure 1).

One of the largest errors in our €@missions estimates was likely a result of spatial
variations in the C@NO, emission ratio. However, the model’s relatively large spatial

resolution (36 km) and the expected variety of sources within this resolutiorc\ffzatyi in



urban areas where the preponderance of €&ssions occur) will reduce uncertainty resulting
from spatial variability in emission ratios associated with different mauatces. Further,
although seasonal cycles of the NEI emissions inventory are specificenesgate or region,
the diurnal and day-to-day temporal variations in fossi} €@issions are characterized by
national averages. We expect these small time-scale errors to héatevalyesmall impact

when integrated over monthly or seasonal variability in photosynthetic uptake.

Simulation Approach

We used the standard initialization procedure for MM5v3.5, which applies firss-gads
boundary condition fields interpolated from the NOAA National Center for Environmental
Prediction (NCEP) reanalysis datéalnay et al, 1996;Kistler et al, 2001] to the outer
computational grid. The model was run with a single domain with horizontal resoluténkat
and 18 vertical sigma layers between the surface and 5000 Pa; the time step u<®isyasd
output was generated every two hours. The two-hourly model output was used in all thesanaly
that follow by integrating or averaging over hourly, seasonal, or annual periods.

We simulated a twelve-month period (July, 2004 through June, 2005) that encompasses
the typical growing season fog @lants (November through May). The model was then run
again over the same period, but with ecosystem respiration scaled by a consiasbfthat the
annual net C@flux was zero at each grid celDénning et al. 1996]. The most abundant
vegetation cover type inferred from the USGS 1 km surface cover map was usetify tiake
dominant vegetation in each 36x36 km grid cell. Since many grid cells are not domn&ked b
grasses, we estimated gross primary production (GP8,, umol m? s%) at each grid cell over
the simulation period to ensure that the life history, and therefore the time los@G;
assimilation, was properly accounted fog.gtass GPP was estimated using the MM5
meteorological forcing, the offline version of LSM1.0, and MODIS LAl profiles
(http://LPDAAC.usgs.goyfor this time period spatially averaged over California. To ensure that

the LAI profiles were representative of @rasses, we set LAl to zero during June through
October, the typical period between plant senescence and germination eBrgdistg\'“C (Ag,
%o) did not change significantly when we used GPP calculated from the LAl ¢ines f

default vegetation in the coupled model (versus using the GPP derived from MODiighEA

series).


http://lpdaac.usgs.gov/index.asp

AYC of Near-Surface CO

The AYC of near-surface Cat a particular grid cell and time depends or @
“C0, fluxes from advection from adjacent cells, respiration, and fossil fuel combustion.
Assuming that tha“C of respiration does not vary, a steady-state mass balance gives a
relationship for the\*C of near-surface atmospheric £Q@a, %o):
A :Abe+A,Cr+Afo . 1)
2 C,+C, +C,

Here, the subscripts r, andf refer to background, heterotrophic respiration, and fossil fuel,
respectivelyA refers to the\**C (%o); C refers to the atmospheric G@ixing ratio (ppm); and

As = -1000%o0. Note that becausé’C notation normalizes for variations in fractionation using
concurrentC observationsJtuiver and Polaghl977], fractionation by photosynthesis does not
impactA,. Temporal variations in background €@ixing ratio Cy) andA™“C (4y) occur over

the year and probably introduce some error into our estima@sefived from the

observations via equation (1). For the model analysis, this error source iddikelyymall
compared to uncertainties arising from the fossil fuel emissions inventory aed iniasodel
transport. Further, these variations will not impact our analysis of flow patbéifossil fuel CQ
emitted within California.

We estimated\; by combining heterotrophic respiration impulse functions derived from
the CASA model Thompson and Randersa®99] and a*“C record of the atmosphere since
1890 Levin and HesshaimgR00O;Levin and Kromer2004]. The impulse functions were
generated for an area-weighted combination of eleven biome types presdifori€aThe
area-weightea'“C of heterotrophic respiration was calculated to be 112%o, with a range
between 101%. for grasslands and 118%. for evergreen needle leaf trees. Assuming that

ecosystem respiration was 50% heterotrophic and 50% autotragton [et al, 2007;Waring et
al., 1998], and that autotrophic respiration hatt%C of A,, we estimated that, = (60+11%

= 89%o.

We note thafurnbull et al.[2006] (their equation 1) arickvin et al.[2003] (their
equation 3) used different relationships than aqodtl) for estimating fossil fuel COnixing
ratios based on atmospheAt¥C measurements. The derivation of equation (1)rassuhat the

AY¥C of photosynthesis and autotrophic respiratiomarevhile that ofTurnbull et al.[2006],



for example, assumedA&*C of photosynthesis equivalent to backgroundzjy. (The impact of

this difference is often small, but can be as lagi®.5 ppm in the inferred value @f

Estimating the4*'C of G Grasses

To estimate\*’C of G grasses/g), we computed the GPP-weighted sumpht each
grid cell:

[A.G,dt @

Agzw,
t

where the integrals are evaluated over the ensiae §f the simulation. Thus, the predicted
biomass““C composition reflects both the atmospha/itC and the temporal variation in plant
C assimilation. We evaluatedq with both default (i.e., using the default vegetatiype and LAl

time series used in LSM1.0) and satellite-derive@@ss LAI time series.

Near-Surface Fossil Fuel CG¥ersus Local Emissions

To characterize impacts of local (i.e., from themeanodel grid cell) fossil fuel GO
emissions om,, we developed a non-dimensional indBxI(is calculated, for each grid cell, as
the ratio of local surface fossil fuel G@ixing ratio to local fossil fuel CQemissionsk; , kg

m? s’) normalized by the statewide average of thesetijigan

i/ 3)
[CidA
I — Calif
E, '
[E dA
Calif

where the overbars indicate time averaging ovey#ae andA represents the area of California.
While this index does not give a direct measurthefimpact of local versus distant sources, it

allows a relative comparison between regions withestate.

Santa Ana Winds

Santa Ana winds are an important component of sont8alifornia meteorology, partly
because they substantially increase wildfire rislegterling et a).2004], but also because they

cause transport that opposes the prevailing jeastr Santa Ana events are characterized by dry

10



and often hot offshore windRaphae[2003] described a 33-year record of SA occurreaces
the conditions necessary for their developmentgh pressure region in the Great Basin and a
surface low pressure system off the Southern Galdacoast. SA conditions occur typically
between September and April, with peak occurrenc@ecemberConil and Hall[2006]
describe three October-March southern Californiadwegimes (alongshore, onshore, and
offshore Santa Ana flows). They concluded that nafitbe large-scale teleconnection patterns
(e.g., the Pacific-North American mode) are mdkelli than any of the others to coincide with
the three southern California wind regimes.

As we discuss below, Santa Ana winds substaniialpact fossil fuel C@transport
toward the south and west from September to MagthBy there is large inter-annual variability
in the number of Santa Ana day&aphael 2003]. To place our results for a single yeao et
broader context with respect to this transport rmam, we developed a simple method to
predict the number of SA wind daysd using the six-hour NCEP surface pressure and wind
direction predictions. We identified Santa Ana dagshose with both (1) a 3 AM (Pacific
Standard Time) pressure difference between grid oger the Great Basin and Interior West
(lower left corner: 118N 36°N; upper right corner: 1038V 43°N) and over the Pacific Ocean
(lower left corner: 128N 2N; upper right corner: 128V 35°N) that was larger than 1400 Pa
and (2) winds in Los Angeles from between northarig easterly. The predictdld compared
well with the monthly and inter-annual variabilggtimated byRaphae[2003] (Figure 2).

Results and Discussion

Measured**C of G Grasses

Measured\q for the sites across California are shown in FegdirAdditional information
on site coordinates, elevation, and species typeoided in Table 1. Annual grasses growing
on the coast in the northern part of the statethadhighest radiocarbon levels (and thus were
exposed to the least amount of locally-added fdgsllCQ,). The mean of northern coastal
samples from sites near Crescent City, McKinlegyiRohnerville, and Mendocino was 5%.5
2.1%0. Coastal sites in the central part of theestadre also relatively clean, with a mean of 58.2
+ 2.7%o for samples collected near Carmel, Fort Hubiggett, Gorda, Los Osos, and Santa

Cruz Island.

11



Within urban areasyy was substantially lower and more variable. Fongxa, in the
Los Angeles Basimg ranged from —14.3 to 60.5%o, with a mean of 2720.0%. (Table 2).
Samples collected near the center of the Los Asgakeropolis, including those near the cities
of Vernon, South Gate, Bellflower, Buena Park, #hestminister, had a mean of 19 2.1%o.
Relative to the meafy; from the north coast (and assuminge@ual to 380 ppm), these cities
near the center of the Los Angeles metropolis Ha@lf15.5 ppm of locally added GO
(weighted by diurnally and seasonally varying plsgtahetic C uptake). In contrast, urban and
suburban samples collected near the coast to teeand south of Los Angeles had markedly
less exposure to fossil fuel GO'he meamy of samples from Newport Beach, Dana Point, and
Laguna Woods was 48133.1%o. The relative depletion af; for these coastal samples as
compared with those from Central and Northern Galifh may reflect 1) local fossil fuel
sources that offset the cleansing impact of oneskonds and 2) entrainment of fossil fuel £O
from Los Angeles into the land-sea circulation andsequent along-shore transport and onshore
flow (e.g., Riley et al. [2005]).

In the San Francisco Bay region, measutgcinged from 25.5 to 57.4%o, with a mean
of 44.0+ 10.1%.. Two samples collected along the penindré{vood City and Woodside) had
values below 28%. and one sample collected alongréimsportation corridor near the
Sacramento Delta hadAd*C of 37.0%.. Samples from grassland parks soutraof®se were
also relatively depleted with a mean of 44.2.1%o, probably as a result of the trapping of ifoss
fuel CG, from San Jose between the two roughly paralleihsoest to northeast coastal
mountain ranges.

Within the Central Valley, measureg was lowest directly to the east of the San
Francisco Bay area and increased both to the aodtsouth. These gradients are consistent with
transport and mixing of San Francisco Bay areaSamtamento fossil fuel G&ources within
the valley. The mean of samples collected to tls¢ @ahe Bay Area (and including those
collected near Lodi, Byron, Mariposa, Merced, anesRo) was 47.F 1.9%.. Samples collected
from the northern part of the Central Valley (irdihg samples near Redding, Rosewood,
Mendocino, Orland, Red Bluff, and Mill Creek) wemensiderably more enrichedifC, with a
mean of 58.6 3.7%o.

12



There were strong gradientsAg for transects starting in the Central Valley and
terminating in the Sierra. The first such transtatted near Corcoran (elev. 55 m) in the middle
of the Central Valley and ended near Kaiser Pdes.(2136 m).Aq increased monotonically
from 50.3 to 60.7%o. for 6 samples collected acrbgsdlevation gradient. A second transect
further south ran from Arvin to Welden, and spanakdut a 20%. gradient. The increaséjn
with elevation along the western slope of the Gigras likely caused by dilution of Central
Valley air (with high fossil fuel C@mixing ratios) with air from the free tropospheDaurnal
upslope and downslope flows along the western stbpiee Sierra also probably influencagl
[Dillon et al,, 2002]. Several studies have reported analogavstbn patterns for air pollutants
transported from the Los Angeles Basin, includergé nitrogen depositiofrénn and
Bytnerowicz 1997;Fenn et al. 2000] and ozone concentratidreg et al. 2003;Miller et al.,
1986] gradients across the San Bernardino Mountaims pollution gradient has caused
significant and well-documented changes in the lhygy and ecology of montane forests in
this region Arbaugh et al. 1998;Fenn et al. 1996;Grulke et al, 1998;Grulke and Baldumagn
1999;Grulke et al, 2001;Miller et al., 1998].

PredictedA**C of G Grasses

Model estimates ofg (Figure 4) captured much of the observed spatiabbility
(Figure 3). Care should be taken in comparing thwsecontour plots because of difficult-to-
quantify uncertainties introduced from our integg@n approach. Predicted mean valueaf
for Los Angeles, San Francisco, the Central Valdley the North Coast were similar to
observed values (Table 2).

Within the Los Angeles basin, the eastward propagatf the fossil fuel C@plume
from Los Angeles was relatively well representedthvid the San Francisco Bay region, mean
predicted and measureyg differed by 5%.. The model over predicted the fogsl CO, mixing
ratios (and depletion afy) to the east and north of the San Francisco Bgigmewithin the
Central Valley. It was not possible from our simigas to determine if the over prediction
occurred because errors in sampling, transport thensan Francisco Bay region, mixing of
local sources within the Valley, or G@missions estimates.

Model estimates of annual meAHC of near-surface atmospheric £@,; not shown)

were almost the same as those of predigtedh Los Angeles, wher&, andAq were largely

13



impacted by local emissions, the covariance ofttilgle fossil fuel CQ emissions and small
PBL depths led to lower annual meg&gnthanAy. Similar mechanisms impacted Central Valley
Aa andAg. Also, some of the fossil fuel G@mitted during the daytime in Central Valley urban
areas moves laterally into rural parts of the Géntalley during the evening and night, further
enhancing the differences betwefandAg in this region. To illustrate these interactioths
annual average difference between midnight and sadace fossil fuel COmixing ratios were
0.02, 0.1, 2.8, and 1.4 ppm in the Coastal Noréim, Brancisco Bay, Los Angeles, and Central
Valley regions, respectively. The relatively higimghttime fossil fuel C@mixing ratios in Los
Angeles and the Central Valley are consistent ighlower predicted value for annual mean
as compared withg in these regions.

The impacts of boundary layer dynamics on theimlahip between fossil fuel GO
emissionsA,, andAq are substantial. For example, during the summeosAngeles, when
fossil fuel CQ emissions are relatively high, the Pacific Higteafcauses low daytime
boundary layer depths. This lowering of the effezttmospheric mixing volume enhances the
impact of fossil fuel emissions @ andAy. Concurrent changes in mixing rates between the
PBL and overlying free troposphere may also be mam. Figure 5 illustrates the relationship
between monthly mean noon fossil fuel £gnissions, PBL deptlg;, andA, for a single point
(34°N, 118°W) in the Los Angeles Basin. For this point, thisra strong correlation between
Ci, PBL depth, and,. To illustrate the impact of PBL depth, we compla#gril and August
conditions using monthly means. Between these n3sofdksil fuel CQ emissions increased
about 0.8%, PBL depth decreased about 80%creased by ~8 ppm (170%), atgldecreased
by 19%. (from 47%o to 28%0). This simple comparisodigates that, in Los Angeles, a
substantial portion of the changesdnandA, between these months resulted from changes in
PBL properties. Therefore, the impact of intra-aadruariations in PBL dynamics must be
accounted for when usinfg, to infer fossil fuel CQemissions.

Measured\q were more spatially heterogeneous than preditged urban areas (Table
2), likely because of spatial resolution limits@sated with the meteorological model and the
fossil fuel emissions inventory, both of which 86 km horizontal resolution. This relatively
coarse spatial resolution would not resolve mappgoaphical features, such as small valleys,

which might concentrate fossil fuel GQAIso, fine scale C@emissions (e.g., associated with
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freeways and industrial point sources) were naidlvesl in our emissions estimates. However,
the mean predictions accurately reproduced thematin measuredy, with the means differing
by 0.6, 4.6, 0.1, and 1.9%s the North Coast, San Francisco Bay, Los Angeled Central
Valley regions, respectively (Table 2). The measdmted GPP-weighted fossil fuel €@ixing
ratios are 0.3 (0.08), 6.1 (1.1), 13.7 (0.4), ar&d(8.9) ppm for the same regions.

Near-Surface Fossil-Fuel CGOMixing Ratios Versus Local Emissions

The indexl (equation (3)) qualitatively describes the extenwhich factors (e.g., transport,
local mixing conditions) other than local emissiamgact local near-surface fossil fuel €0
mixing ratios. Since fossil fuel GOs a good tracer (on moderate spatial and temgoedés) of
primary combustion-generated pollutants, this inclex also be helpful in attributing other air
pollution issues (e.g., particulate matter, trop@sic ) to local versus distant sources.

Predicted values dfwere relatively larger in portions of the west€entral Valley, Sierra
Mountains, Owens Valley, and Northern Californigg(ffe 6). Large values ofin the Sierra
Mountains and Owens Valley occurred because vitly tossil fuel CQ is emitted in these
areas, yet near-surface fossil fuel fixing ratios can become elevated from @@nsport
from the urban air basins and the Central Vall®gsH fuel CQ was also predicted to move
from Los Angeles down the Coachella and Imperidleya, where fossil fuel emissions are
lower. A second Southern California region just @i$San Diego also had relatively larger
values ofl, again resulting from transport from San Diego eeldtively low local emissions.
These results indicate that a number of areas lifo€aa are exposed to higher primary air

pollution concentrations than would result fromadbemissions alone.

Exit Pathways for California’s Fossil Fuel GO

A three-dimensional representation of fossil fu€,@eaving the California airspace is
shown in Figure 7. On an annual basis, a largeidraof fossil fuel CQ exited California to the
south and within the marine boundary layer (Figga® A broad and more diffuse plume exited
to the east, with relative maxima at latitudes esponding approximately to Los Angeles, the
middle of the Central Valley, and the San FrancBBay area (Figure 8b). Accumulated over the
year, about 21, 39, 35, and 5% of fossil fuel, @t the California airspace to the north, east,

south, and west, respectively. We note that, becatighe limited boundary of our simulation
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domain, our analysis framework is unable to charast whether C@exiting in any particular
direction could be re-circulated back into the @atia airspace. Given the large-scale
atmospheric circulation associated with the Pagifigh that results in transport of G®&om
North America to Hawaiil[intner et al, 2006], we believe this recirculation to be snhadlair

exiting to the west and south.

The predicted large fraction of fossil fuel €@aving California to the south has
important implications for continental scale invers used to infer fossil fuel and ecosystem
CO;, fluxes. Future measurements of £fd its isotopes on the islands offshore fromisaut
California could help better characterize this $f@ort pathway. East-west aircraft transects in
the marine boundary layer near the U.S. — Mexicqodro(and extending several hundred
kilometers offshore) would also be helpful in tregard. A second, and smaller, predicted
southward flux of fossil fuel C&occurred further east (approximately betweerff\dand
115°W), also primarily below the boundary layer (Fig8a®. This portion of the flux resulted
from eastward transport of fossil fuel €Qut of Los Angeles and San Diego, and then
southward transport down the Coachella and Imp¥adeys. Unfortunately, we lacked
measurements in these valleys to corroborate npoddictions.

Some of the flux moving eastward out of the Los éleg Basin escaped directly toward
Arizona, resulting in coherent fossil fuel gflumes centered just north of the Mexican border
(Figure 8b). Much of the remaining eastward fluxnifested as a broad and more diffuse plume
over the Sierra Nevada. Peaks in this broad plssecaated with Los Angeles (between about
33° and 36 N) and the Central Valley (between about 86d 36 N) were discernible. In
contrast to the southward fossil fuel £@ume, the eastward plume extended further upward
into the atmosphere. Of the 21% of fossil fuel,@laat left the California airspace via the north,
most was centered on 12¥ (approximately due north of the San Francisco igyon). Very
little fossil fuel CQ (5%) exited the airspace to the west.

There were distinct seasonal patterns of fossl@d® fluxes in the four compass
directions (Figure 9). The fraction of the montfily leaving towards the south had a maximum
in November, with a secondary peak in March. Noatuluxes peaked in December and
January while the westward flux peaked one mortdr ila February. The eastward fluxes
peaked in the summer and were relatively smallendwvinter. Between November and March,

16



the northward fluxes were roughly out of phase whih southward fluxes, implying a trade-off
in transport patterns during these months.

The fraction of each month’s fossil fuel €flux leaving toward the east and west and
the monthly number of Santa Ana wind dals) (predicted from the NCEP reanalysis data were
correlated; correlation coefficients (p value) wef56 (0.06) and 0.70 (0.01) for the east and
west directions, respectively. Almost none of thauwal cumulative flux exited toward the west
outside of the Santa Ana winds season. Our onesyeatation (during 2004-2005) does not
allow us to directly infer inter-annual variabilitty the directional partitioning of fossil fuel GO
fluxes out of the state. However, since intra-ahmadability in partitioning was correlated to
Santa Ana wind conditions, we conclude from our@@nnter-annuaNs estimates (Figure 2)
that the relative proportion of fossil fuel @@aving California in each of the four directiaren
vary substantially between years. More work needsetperformed to characterize the impact of
these short duration and intermittent events orogpiineric transport of fossil fuel derived £0

These results are also relevant to tropospheriguaility issues and for characterizing the
net climate impact of fossil fuel combustion. Trepberic air quality can be deleteriously
impacted by fossil fuel combustion, with consequemgacts to human healtR¢el et al. 2005;
Schwartz et al.1996], vegetationDavison and Barnesl998], precipitationRosenfeld and
Givati, 2006], the Earth’s radiation budg&gmanathan et g12001], and snow albedo and the
timing of snow meltFlanner et al, 2007]. Although atmospheric pollutant generatoa
transport has been the focus of many Californigaality studies (e.g.Blumenthal et a).1978;
Carreras-Sospedra et aR006;Croes and Fujita2003;Dillon et al,, 2002;Edinger, 1973;Lu
and Turcg 1995;McElroy and Smith1986;Rinehart et al.2006]), much less is known about
transport of pollutants out of the state. Charaatey whether pollutants generated in California
move toward Arizona, Nevada, the Pacific Oceamexico is important for characterizing the
broader implications of California’s fossil fuelrobustion, including consequences for aerosol
radiative forcing and the albedo of snow in thet@idNevada and Rocky Mountain systems. For
example, California emissions of black carbon a@sysvhich can have a relatively short
atmospheric residence time, will have a differempact on climate if they are lofted above the

bright Arizona desert as compared with transpoetr eve much darker Pacific Ocean.
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Conclusions

Our prediction that 21, 39, 35, and 5% of Califarsifossil fuel CQ exits to the north,
east, south, and west, respectively, has sevepariant implications. Proposals have been made
to use CQ@measurements on the coastal boundaries of theneatdl U.S. to infer C®
emissions and exchang&¥¢fsy and Harris2002]. Our estimate that a substantial portion of
California’s fossil fuel CQemissions exit California towards the south imgplieat flask
networks need to sample this plume. Since therestavely few islands in the southward
transport path, regular measurements on shipsaystmay be required. Further, many current
global and regional models do not accurately siteu@undary layer development and
exchanges with the free troposphe®&ephens et al2007], processes critical to interpreting
these proposed measurements.

Our results are relevant to other atmospheric corapts of interest. Pollutants generated
concurrently with CQor from atmospheric photochemical reactions welifmpacted by the
transport patterns described here. Issues relévdardpospheric air quality include
characterizing southward transport into Mexico obree, NQ, particulate matter, and acid
compounds, and how these fluxes impact local etes\gs visibility, and human health.

Model predictions indicated that some areas wi@uatifornia had higher near-surface
fossil fuel CQ mixing ratios than would be expected from locals=ions alone. The additional
fossil fuel CQ loading resulted from transport of fossil fuel £g@nerated in the San Francisco
Bay, Sacramento, and Los Angeles air basins. Sitbdhavior of other contaminants co-emitted
with fossil fuel CQ, or secondary pollutants associated with combadtygproducts, would
analogously be expected to contribute to air piolfuin these areas.

It is likely that ecosystem respiratory and photdkgtic CQ fluxes also have substantial
southward flux components. Finally, given the digant correlation between southern
California wildfires and Santa Ana winds, it isdllg that a large fraction of wildfire G{&xits
the California airspace to the south. Overall, @sults indicate that the paradigm that
California’s air pollutants travel predominantlpin west to east across the continental U.S.

needs to be re-examined.
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Tables

Table 1. Sample locations, measuré@C, and measurement precision (standard deviation) f

samples collected in California. The pooled meanddrd deviation across sites for which we

made multiple measurements was 3.5%o.

Standard
Distance Deviation

Collection Elev.  to City # AY¥C Error

Nearest City Date Longitude Latitude (m) (km) Species Runs (%o) Eit1
Adin 7/6/05 -120.95785 41.19023 1295 - Hordeum leporinum 1 57.5 -
Ahwahnee 7126/05 -119.32773 37.01615 710 - unk annual grass 1 55.6 -
Arcadia 7/9/05 -117.98225 34.14960 177 7 Bromus 1 -3.9 -

Arvin 2/8/06 -118.84207 35.21518 128 1 Avena 3 36.5 6.6
Avalon 8/8/05 -118.42117 33.39077 19 11 unk annual grass 1 16.0 -
Baker 7/12/05 -116.16623 35.46982 208 25 Schizmus barbatus 1 54.3 -
Barstow 2/9/06 -117.15400 34.74478 902 24 Bromus 1 55.1 -
Bellflower 8/8/05 -118.12550 33.88620 24 0  Bromus madritensis 1 17.2 -
Benicia 7/5/05 -122.19520 38.06572 12 - Avena barbata 1 37.0 -
Blythe 2/9/06 -114.51695 33.73420 90 19 Schizmus barbatus 1 60.4 -
Bodfish 2/8/06 -118.53335 35.43045 1050 23 Bromus 1 54.9 -
Buena Park 8/5/05 -117.99773 33.86045 30 0  unk annual grass 1 26.6 -
Byron 7/16/05 -121.60000 37.79500 27 7 Avena 1 45.4 -
Calimesa 8/7/05 -117.05319 33.97124 678 ~3  Bromus diandrus 1 51.4 -
Calimesa 3/5/06 -117.72528 34.25628 876 < Avena 1 39.6 -
Cantil 2/8/06 -118.05203 35.23307 721 11 Bromus 1 56.0 -
Carmel 2/18/06 -121.91424 36.42472 11 16 Avena 1 59.2 -
Central Weed 8/1/05 -122.37306 41.42806 1093 - Bromus 1 60.6 -
Chino 8/9/05 -117.62770 34.01942 230 0 Bromus madritensis 1 60.5 -
Coalinga 7/10/05 -120.30927 36.21873 293 8 Avena 1 51.8 -
Coalinga 7/10/05 -120.73930 36.19833 708 a7 Avena 1 58.1 -
Corcoran 2/8/06 -119.51670 36.09868 55 4 Avena 1 50.3 -
Corona 8/8/05 -117.60380 33.83770 406 1 Bromus madritensis 1 41.8 -
Corona 7/13/05 -117.47345 33.78400 317 18 Bromus 1 44.3 -
Covina 2/25/06 -117.86287 34.06223 309 1.6 Avena 1 26.1 -
Crescent City 7172005 -124.18452 41.74062 0 1.6 Avena barbata 1 58.6 -
Cuyama 7/10/05 -119.66593 34.94375 675 16 Avena 1 54.6 -
Dana Point 8/8/05 -117.74212 33.51223 101 5 Bromus madritensis 1 51.8 -
Danville 7/21/05 -121.94862 37.84420 254 8 Avena 1 47.7 -
~ Essex 2/9/06 -115.45295 34.59003 378 25 Schizmus barbatus 1 55.3 -
Fallbrook 7126/05 -119.29540 36.72597 471 - Avena 1 55.2 -
Fontana 8/9/05 -117.49133 34.10668 372 0 Avena fatua 1 37.4 -

Fort Hunter

Liggelt 2/18/06 -121.26952 35.96987 440 8 unknown annual 1 60.3 -
Fountain Valley 719105 -117.95505 33.71373 9 0 Bromus madritensis 1 26.1 -
Freeman Jct. 2/8/06 -117.94177 35.61390 1144 5 Schizmus barbatus 1 57.8 -
in Fresno 7/10/05 -119.79985 36.74405 87 0 Bromus 1 47.1 -

Glendale 719/05 -118.33140 34.14723 154 0  Lolium multiflorum 5 9.0 3.0
Glendora 2/25/06 -117.83827 34.16668 414 8 bromus 1 25.4 -
Gorda 2/18/06 -121.31502 35.74208 21 24 Briza maxima 1 61.0 -
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Grapevine
Happy Camp
Hatfield
Havilah
Hemet
Hemet
Hemet
Herndon
lone

Kaiser Pass
other side of
Kaiser Pass

Laguna Woods
Lake Elsinore
Lake Elsinore
Littlerock
Lodi
Los Osos
Ludlow
Marin
Mariposa
McKinleyville
McKittrick

Mendocino
Merced
Mill Creek
Miramar
Moreno Valley
Moreno Valley
Moreno Valley
Morgan Hill
Morgan Hill
Murrieta
Needles
Newport Beach
Norco
Norco

Orland

Owens Valley
in Owens
Valley
Palmdale
Palo Verde
Paramint
Springs
Perris
Perris
Perris
Pond

Portola Valley
Pt. Reyes
Station

Rancho Mirage

2/8/06
7/6/05
7/6/05
2/8/06
4/22/05
8/7/05
8/7/05
7/10/05
7/13/05
7/26/05

7/26/05
8/9/05
8/7/05
8/8/05
2/9/06
7/5/05
7/10/05
2/9/06
9/17/05
7/11/05
7/72005
2/8/06

9/17/05
7/10/05
8/12/05
7/13/05
5/25/05
3/15/05
8/7/05
8/31/05
8/31/05
8/7/05
2/9/06
8/8/05
8/9/05
8/7/05

7/7/05
6/5/05

8/1/05
2/9/06
2/9/06

7/12/05
3/17/05
8/7/05
8/7/05
2/8/06
9/15/05

8/15/05
7/13/05

-118.87090
-123.33998
-121.52692
-118.59082
-117.06639
-116.82757
-117.06368
-119.90795
120.96600
-119.12500

-119.06667
-117.75008
-117.40906
-117.41055
-117.68177
-121.21592
-120.88797
-116.09282
-122.57284
-119.96542
-124.11443
-119.78767

-123.81073
-120.27475
-121.51890
-117.09843
-117.20012
-117.27346
-117.13974
-121.68799
-121.67296
-116.84678
-114.64537
-117.84613
-117.54058
-117.52191

-122.21670
-118.33158

-118.39500
-118.16923
-114.72390

-117.45012
-117.35351
-117.33371
-117.30533
-119.32518
-122.22440

-122.94817
-116.40618

34.93673

41.80170
42.00005
35.32653
33.73925
33.67310
33.73693
36.85158
38.43110

37.28333

37.31667
33.59867
33.68130
33.73694
34.49850
38.17407
35.27457
34.71117
38.15231
37.48633
40.99408
35.55163

39.32847
37.17860
40.34940
32.90470
33.98249
33.95076
33.91177
37.19179
37.19321
33.50103
34.88278
33.60758
33.97418
33.94940

39.74043
37.30057

37.36333
34.63108
33.34572

36.33752
33.80392
33.78429
33.76430
35.71778
37.40468

38.03357
33.78547

397
506
1231
662
494
943
561
83
171
2136

2427
146
553
388
1042
16

571
41
626

182

13
65
1484
194
819
593
503
132
328
805
158

173
216
260

73
1223

1263
785
79

526
605
678
664
83
182

36
97

28
9.6
12

16

© O F R,

2

16

32

Avena
Avena sativa

Bromus

Avena
Bromus madritensis
Bromus madritensis

Bromus diandrus

Bromus

Avena
Taeniatherum caput

Taeniatherum caput
Bromus madritensis
Bromus madritensis
Bromus madritensis
Bromus
Avena barbata
Bromus
Schizmus barbatus
Avena
Avena
Lolium temulentum
Avena
unknown annual
grass
Hordeum vulgare
Bromus japonicus.
Avena
Bromus diandrus
Bromus madritensis
Bromus diandrus
Lolium multiflorum
Lolium multiflorum
Bromus madritensis
Schizmus barbatus
Bromus madritensis
Bromus madritensis
Bromus madritensis
Digitaria
sanguinalis
unk annual grass

Bromus
Bromus
Schizmus barbatus

Schizmus barbatus
Amsinckia menziesii
Bromus madritensis
Bromus diandrus
Avena
Lolium multiflorum

unk annual grass
Schizmus barbatus

P NP RREPRPRRERR

PR R RRPURRRRREER

PR RNRPRPRRREPREPRRERERR

[

e

e

BN

52.2
54.8
56.7
50.7
45.8
54.5
523
49.4
523
60.7

58.9
47.1
51.7
39.0
56.2
50.4
55.5
55.2
54.9
47.8
58.3
52.7

58.5
46.2
63.7
36.0
62.3
45.7
51.0
45.4
46.4
57.2
50.7
46.0
54.4
37.1

62.4
56.6

61.4
447
62.0

55.9
54.1
50.3
56.1
50.0
49.8

56.4
35.4
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Racho Santa
Margarita
Red Bluff
Redding

Redwood City
Rialto
Riverside

Rohnerville
Rosewood
Rubidoux

Salton City

San Bernardino
San Bernardino

San Clemente
San Jose
San Lucas

San Miguel

Santa Barbara
Santa Barbara
Santa Clarita

Santa Maria

Santee
Sausalito

Shaver Lake
Sonoma

South Gate

Stovepipe Wells
Taft
Temecula
Temecula
Temecula
Tustin
Vernon
Vidal Junction
Warner Springs
Weldon
Westminister
Woodside
Woodside
Woodside
Woodside

8/8/05
7/6/05
7/6/05
9/18/05
8/9/05
3/17/05
7/7/05
7/72005
3/17/05
2/9/06
8/9/05
7/13/05
8/8/05
8/31/05
7/10/05
7/10/05
10/14/05
10/14/05
7/9/05
7/10/05
7/13/05
7/15/05
7/27/05
9/17/05
8/8/05
7/12/05
2/8/06
7/13/05
8/7/05
8/7/05
8/8/05
8/8/05
2/9/06
7/2/05
2/8/06
8/5/05
9/12/05
9/12/05
9/12/05
9/12/05

-117.61981
-122.17752
-122.31335
-122.20008
-117.34072
-117.32154
-124.11168
-122.48723
-117.38766
-115.94055
-117.29637
-117.28990
-117.59559
-121.75235
-121.01132
-120.69423
-119.72917
-119.68333
-118.55902
-120.40663
-116.91053
-122.52396
-119.31436
-123.06633
-118.21920
-117.04902
-119.50445
-117.16952
-117.20937
-117.14887
-117.69870
-118.23850
-114.64760
-116.56667
-118.36115
-117.99008
-122.29592
-122.29138
-122.29029
-122.28527

33.65973
40.20748
40.59692
37.48194
34.10775
33.93628
40.53955
40.26228
33.98448
33.27105
34.11058
34.10863
33.41920
37.22027
36.14435
35.74785
33.99111
34.01667
34.35702
34.99782
32.84298
37.86028
37.12405
38.84715
33.95273
36.63032
35.16392
33.39142
33.50553
33.47469
33.75607
33.99487
34.26485
33.35000
35.64758
33.76538
37.46197
37.46422
37.46467
37.46197

Bromus diandrus
Avena barbata
Avena barbata

Lolium multiflorum
unk annual grass
Bromus madritensis
Avena barbata
Avena barbata
Avena fatua
Schizmus barbatus
unk annual grass
Avena
Bromus hordeaceus
Lolium multiflorum
Avena
Avena
Avena
Avena
Avena
Avena

Avena
Avena fatua
unk annual grass
Avena
Bromus madritensis
Schizmus barbatus
Avena
Avena
Bromus diandrus
Bromus madritensis
Bromus diandrus
Avena fatua
Schizmus barbatus
Avena
Bromus
Bromus hordeaceus
Lolium multiflorum
Lolium multiflorum
Lolium multiflorum
Lolium multiflorum

PP RPRRRPRPRRREPRPRRPRREPPRPRREPREPRRREPRPRREPREPRPRRPREPRPRPRUORPRRREPRERRERRERRERLER

37.6
55.0
55.6
27.5
42.2
42.9
62.7
56.3
57.6
56.1
31.0
12.9
48.8
42.3
54.4
55.6
55.1
60.3
34.2
53.0
40.9
57.4
55.7
59.0
10.3
50.9
42.6
45.2
54.6
43.8
40.6
-14.3
543
58.8
57.3
22.4
50.4
41.7
255
47.9

"We used barley (FIRI G) as a secondary standadiitestandard deviation was 2.3%. based on

20 replicates scattered across multiple batchestwh other secondary standards we used were
an oxalic acid (OX-Il) and an Australian Nationati\ersity (ANU) standard. These had

standard deviations of 3.2%. (with 5 replicates) arG%o (with 5 replicates), respectively. Based

on the accuracy of these three standards (FIRDGLIGand ANU), we assumed that the

accuracy of an individual measured Was7%o.
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Table 2. Predicted and measured mean (§2nd GPP-weighte@; inferred from measurefy,
for four regions: North Coast, San Francisco BagaAlLos Angeles Basin, and Central Valley.

Measured means in Los Angeles do not include Fepramples measured near freeways, as
described in text.

North San Central Los Angeles
Coast Francisco Valley
Measured mean (SIY*C (%o) 59.9 (2.5) 44.0(10.9) 48.7(1.9) 27.7 (20.0)
Predicted mean (SDY“C (%o) 59.3(0.2) 39.4(3.9) 46.8(3.0) 27.6(2.4)

Predicted mean (SD) GPP-weighted 0.3 (0.08) 6.1(1.1) 4.8 (0.9) 13.7 (0.4)
(ppm)
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Figures

125°W 120°W 115°W
L L L 1 L L L

Fossil Fuel CO, Emissions
(kgCm?yr')

40°N

35°N

Figure 1. Cumulative annual fossil fuel €€missions (kg i yr') with the spatial pattern
derived from a high resolution N@hventory and scaled to match state-wide, @@Dissions
inventory. Background color interpolation was gewed using the Inverse Distance Weighted
(IDW) method based on 15 nearest neighbors witienGeostatistics Analyst tools in ESRI's

ArcMap softwarecontour.fi_CO2_emissions.annual.lay)

(see Figure_2.eps)
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Figure 2. Predicted Santa Ana days per year uemgNCEP reanalysis and the 28 year estimates
from Raphael[2003]: (a) yearly totaNg; (b) monthly averagbls between 1968 and 1995. The
simple method to predi®ds using the NCEP reanalysis sea level pressure ardidirection

data captures much of the monthly and inter-anvnaiability.

125°W 120°wW 115°W

Measured C; annual grass A'*C | |
(%o)

I Less than 25

[ 25-30
30-35 , | 1 a0°n
35-40
40 - 45

[[45-50 ‘

B 50 - 55

Il Greater than 55

35°N

Figure 3. Measured*“C of California G grasses (%o); (inset) expanded view of the Los Aewje
Basin. Background interpolation color was builtddhen thirteen nearest neighbors using a
cokriging method (including elevation) using Getistacs Analyst tools in ESRI's ArcMap

software.
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Figure 4. Predicted {A'C (%0) averaged over the growing season, calculsetie gross
primary production-weighted*“C of surface-layer atmospheric @®ackground color

interpolation was generated using the same methéagare 3. (contour.atmos_14co2 lay,
contour.G_gpp_weighted_14co2.lay)

(See Figure_5.eps)

Figure 5. Comparison for a single model point irs llngeles (32N, 118W) of mid-day fossil
fuel CO, emissions (left axis), fossil fuel G@nixing ratio (left axis), PBL depth (first right
axis), andA\''C of near-surface air (second right axig). A, is largely in phase with PBL depth

and out of phase with fossil fuel G@&missions. (pbl_ffco2_d14c.lay)
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125°W 120°W 115°W

40°N

35°N

Figure 6. The indeA, indicating the ratio of local fossil fuel G@normalized by the state-wide
average mixing ratio) to local fossil fuel @@missions (normalized by the state-wide total
inventory). Areas with larger than one have fossil fuel €€bntributions from other regions in
the state (that exceed what would be expected looal emissions). Background color

interpolation was generated using the same methéagare 3(ndex.lay)

(see Figure_7.eps)
Figure 7. Cumulative annual fossil fuel €tansport out of California. The figure shows

contour plots on each vertical face of the cubeosunding California(contour.ff_co2_flux.3d.lay)

(see figure_8.eps)
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Figure 8. Cumulative annual fossil fuel €ttansport out of California for the (a) south byl
east vertical faces of the cube surrounding CaliforNote the different altitude scales and

contour intervals(2d.faces.ffco2.contour.eps; 2d.faces.ffco2.conkayir

(See Figure_9.eps)

Figure 9. Percent of monthly fossil fuel gl@aving the California airspace in each of the fou
directions (left axis) and the number of Santa Aags each montiNg) predicted from the
NCEP reanalysis data (right axis). Westward, @@ andNs were positively correlated (r =
0.70; p = 0.01) and eastward ¢flux andNs were negatively correlated (r = -0.56; p = 0.06).

(ncep.sad.ffco2_fluxes.lay)
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